A significant improvement of the efficiency of the ZnO nanowire ͑NW͒ dye-sensitized solar cell ͑DSSC͒ has been achieved by the chemical bath deposition of the dense nanoparticles ͑NPs͒ within the interstices of the vertical ZnO-NW anode. Impedance analyses of the electron transports in DSSCs reveal that the effective diffusion coefficient of an electron in the ZnO-NW array/NP composite anode falls between those in the ZnO-NW and TiO 2 -NP anodes. The superior performance of the ZnO-NW array/NP composite DSSC to the ZnO-NW cell is mainly ascribed to the enrichment of the light harvesting without significantly sacrificing the electron transport efficiency. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2778454͔ A sintered TiO 2 nanoparticle ͑NP͒ film with a thickness of ϳ10 m on a transparent conducting oxide ͑TCO͒ electrode, which is able to provide large enough surface area for dye adsorption, is typically employed to be the anode of the dye-sensitized solar cells ͑DSSCs͒.
A sintered TiO 2 nanoparticle ͑NP͒ film with a thickness of ϳ10 m on a transparent conducting oxide ͑TCO͒ electrode, which is able to provide large enough surface area for dye adsorption, is typically employed to be the anode of the dye-sensitized solar cells ͑DSSCs͒. 1 Multiple trapping/ detrapping events occurring within grain boundaries during electron diffusion through the NP film result in a slow electron transport rate in the NP film. 2 Recently, the improvement of the electron transport in the anode of the DSSCs has been demonstrated by using the ZnO nanowire ͑NW͒ arrays. 3, 4 Transient photovoltage and photocurrent response measurements have revealed that electron transport in the ZnO NW DSSC was about two orders of magnitude faster than that in the ZnO NP DSSC. 4 However, the photocurrents and the efficiencies of the ZnO-NW cells with a NW length as long as 18-24 m are still inferior to those of TiO 2 -NP DSSCs. 3 It is suggested that an increase in surface area of the NW cell for achieving higher dye adsorption may raise the efficiency to a competitive level.
3 TiO 2 NW/NP composite films formed by blending NWs and NPs have been reported to be the photoanodes of the DSSCs. Although the NWs within the composite films were not vertically attached on the TCO electrodes, encouraging improvement of the DSSC efficiency has been achieved by fabricating the composite photoanode with an appropriate NW/NP ratio. 5 Therefore, a NW/NP composite photoanode composed of a singlecrystalline NW array directly formed on the TCO electrode and NPs grown within the interstices of the NW array for affording fast electron transport channels and enlarging dye adsorption area, respectively, is anticipated to possess the potential of significantly enhancing the overall efficiency of the DSSC.
Composite films composed of single-crystalline ZnO NW arrays and ZnO / Zn 5 ͑OH͒ 8 ͑CH 3 COO͒ 2 ·2H 2 O ͓layered basic zinc acetate ͑LBZA͔͒ NPs have been synthesized for use in DSSCs, i.e., formation of the aligned ZnO NW array on TCO by aqueous chemical bath deposition 6 ͑CBD͒ and then heterogeneous nucleation and growth of the ZnO/LBZA NPs among the ZnO NWs by another base-free CBD using 0.15M methanolic solution of zinc acetate dihydrate at 60°C for 18 h. Such configuration is not available for TiO 2 materials up to now. Figure 1 shows the transmission electron microscopy ͑TEM͒ analyses of the NW array/NP composite film. In Fig. 1͑a͒ , a low-magnification TEM image reveals that the interstices of the NWs were occupied by NPs with diameters in the range of 5 -30 nm. The corresponding selective area electron diffraction ͑SAED͒ pattern indicates the formation of ZnO and LBZA NPs, as shown in Fig. 1͑b͒ . A high-resolution ͑HR͒ TEM image of the composite film at the interfacial region of the NW and NPs, shown in Fig. 1͑c͒ , reveals that there is no epitaxial relationship between NW and NPs. Fabrications and performance measurements of the DSSCs were conducted following the procedures described elsewhere. mination at 100 mW/ cm 2 are summarized in Table I . Obviously, the considerable enrichment of the short-circuit current density ͑J sc ͒ is attributed to the superior light harvesting characteristic of the ZnO-NW array/NP composite DSSC in which the larger surface areas of the composite anodes are provided for dye adsorption. In addition, the open-circuit voltage ͑V oc ͒ and fill factor ͑FF͒ of the ZnO NW DSSC are also improved by growing NPs within the interstices of the ZnO NW array. It is worth addressing that mercurochrome dyes were employed to be the sensitizer for the ZnO-based DSSCs here instead of using the Ru complex dyes which were designed for TiO 2 DSSCs. It has been demonstrated that protons released from the dye molecules dissolve ZnO to generate aggregates 7 and more abundant electron interfacial recombination occurs in the Ru complex dye-sensitized ZnO DSSC due to the higher surface trap density in the ZnO photoanode after such dye adsorption. 6 Superior performances of the mercurochrome-sensitized ZnO NW-array/NP composite DSSCs were also obtained in comparison with N719 ͓͑Bu 4 N͒ 2 Ru͑dcbpyH͒ 2 ͑NCS͒ 2 ͔-sensitized cells even though the absorptive wavelength of the mercurochrome is only in the range of 400-600 nm, which is narrower than 400-800 nm of N719 dye. Nevertheless, as shown in Fig. 2 and listed in Table I , the performance of the mercurochromesensitized ZnO NW array/NP composite DSSC is still inferior to that of the N719-sensitized TiO 2 -NP DSSC. We suggest that specially designed dye molecules with wider absorptive wavelength range, higher uptake on the ZnO surface, and higher quantum yields for electron injection to ZnO conduction band are needed to be developed for enhancing the performance of the ZnO NW array/NP composite DSSCs further.
To examine the contribution of the vertical NW array to the electron transport in the photoanode of the ZnO NW array/NP composite DSSCs, charge-transport properties of the three types of the DSSCs, shown in Table I , are investigated using electrochemical impedance spectroscopy ͑EIS͒. EIS measurements were carried out under the illumination of AM1.5 100 mW/ cm 2 by applying a 10 mV ac signal over the frequency range of 10 −2 -10 5 Hz on the top of V oc of the DSSC using a potentiostat with a frequency response analyzer. As the aforementioned dye issues for the ZnO NW array/NP composite and the ZnO NW DSSCs, it is not appropriate to compare the N719-sensitizied ZnO-based DSSCs with the TiO 2 -NP one for electron transport investigation. On the other hand, we found that reproducible impedance data were not able to be obtained from the mercurochrome-sensitized TiO 2 -NP DSSCs. Therefore, in the present work, the three types of DSSCs with the optimized performances so far are employed for comparing their electron transport properties. The influences of dye adsorption on the electron transport properties in DSSCs will be discussed as well.
An equivalent circuit representing the DSSCs, as illustrated in Fig. 3͑a͒ , based on the diffusion-recombination model proposed by Bisquert 8 is employed for analyzing the electron transport properties in the DSSCs. The Nyquist plots of the impedance data of the three types of DSSCs obtained under the open-circuit condition are shown in Fig. 3͑b͒ . An estimation of the electron transport parameters in the photoanode portions of the DSSCs was conducted from the Nyquist plots of the photoanode portions according to the procedure demonstrated by Adachi et al. 9 The electron density ͑n͒ in the conduction band of the anode and the effective diffusion coefficient ͑D eff ͒ of an electron in the photoanode of the three types of DSSCs determined by impedance analysis 9 are listed in Table I as well. It reveals that electron density in the TiO 2 -NP anode is fivefold larger than that in the ZnO-NW array/NP composite anode, which results from the wider absorptive range of N719 for light harvesting and the higher quantum yield of electron injection to TiO 2 ͑Ref. 10͒ in the N719-sensitized TiO 2 -NP DSSC. Table I also shows that the D eff of an electron in the ZnO-NW array/NP composite anode is lower than that in the ZnO NW anode, while the overall efficiency of the NW/NP composite DSSC is superior to that of the ZnO-NW one. It indicates that multiple trapping/detrapping events indeed occur within the grain boundaries during electron transport in the ZnO-NW array/NP composite anode. The efficiency enhancement of the ZnO-NW array/NP DSSC is ascribed to the enrichment of the light harvesting and the reduction of the electron back reaction on the TCO surface without significantly sacrificing electron transport efficiency at the same time by synthesizing   FIG. 2 . ͑Color online͒ J-V curves of the mercurochrome-sensitized ZnO NW ͑I͒, mercurochrome-sensitized ZnO NW array/NP composite ͑II͒, and N719-sensitized TiO 2 -NP ͑III͒ DSSCs. Table I . It has been demonstrated that D eff increases as more electrons are present since the deep traps are filled and electron trapping/ detrapping involves shallower levels. 11 A lower electron density appearing in the mercurochrome-sensitized ZnO-NW array/NP composite compared to that of the N719-sensitized TiO 2 -NP photoanode, as listed in Table I , suggests that an even higher D eff of an electron in the ZnO-NW array/NP composite anode should be observed when the electron density is as high as that in the TiO 2 -NP anode. The superior D eff of an electron in the NW array/NP composite photoanode indicates that the ZnO NW array in the composite anode plays an important role in electron transport. The inferior efficiency of the ZnO-NW array/NP composite cell in comparison with the TiO 2 -NP one is mainly limited to the issue of dye.
In summary, a considerable enhancement of the efficiency of the ZnO-NW array/NP composite DSSC in comparison with the ZnO-NW one is observed. Impedance analyses of the electron transport in the anodes reveal that the D eff of an electron in the ZnO-NW array/NP anode falls between those in the ZnO-NW and TiO 2 -NP anodes. The superior performance of the ZnO-NW array/NP composite DSSC compared to that of the ZnO-NW cell is ascribed to the enrichment of the light harvesting and the reduction of the electron back reaction on the TCO surface without significantly sacrificing electron transport efficiency at the same time by synthesizing dense NPs among the ZnO NW array. FIG. 3 . ͑Color online͒ ͑a͒ Equivalent circuit model of the DSSCs, where C ͑=c L͒ is the chemical capacitance, R s is a lumped series resistance for the transport resistance of fluorine doped tin oxide and all resistances out of the cell, W 1 is the impedance of diffusion of redox species in the electrolyte, and R Pt and C Pt are the charge-transfer resistance and the interfacial capacitance at the counter electrode/electrolyte interface, respectively. ͑b͒ Nyquist plots of the impedance data of the mercurochrome-sensitized ZnO NW ͑I͒, mercurochrome-sensitized ZnO NW array/NP composite ͑II͒, and N719-sensitized TiO 2 -NP ͑III͒ DSSCs. The solid lines in ͑b͒ are the fitting results based on the model in ͑a͒.
